In this study, we present a new technique for the structural analysis of the collagen compound in historic tissues. We therefore used atomic force microscopy (AFM), a new high resolution technique which offers significant information on the fibrillar assembly and ultrastructure of collagen fibrils, which may provide insight into both the physiological and eventually pathogenic pattern of collagen fibrils, but also into possible diagenetic destructive changes of those fibrils. AFM figures three-dimensionally the surface of a sample with high resolution down to a nanometer scale. In our investigation we used the AFM to image paraffin embedded tissue sections from femoral bone tissue of a recent case and an age determined historic sample in ambient conditions. With this technique we were able to identify unambiguously collagen bundles and to determine their diameter. These results led us to differentiate the bundling pattern of collagen type I from that of collagen type II. In addition, we identified collagen type I in the historic sample, which provided a fibrillar pattern as that of recent bone. The results were compared to standard immunohistochemical staining techniques of the respective collagen types. In conclusion, our study presents circumstantial evidence that AFM analysis as a novel morphological technique can successfully be applied to historic tissue specimens.
Introduction
T he stability of proteins in historic tissues is essential for the molecular analysis of those tissues and thus plays a pivotal role in the reconstruction of normal tissue conditions and pathological processes. In this regard, particularly the collagenous matrix is affected which represents the major organic bulk of various tissue types, such as bone where it comprises about 90% of the organic matrix or cartilage where it accounts for approximately 50% of the matrix.
Collagen exists as a family of isotypes which share a common triple-helical molecular structure providing these molecules with relatively high resistance against degradation, but which have different genetically determined amino acid sequences and can therefore be clearly separated from each others. From the yet identified 18 different collagen isoforms, collagens I, III, V, VI and XII have been localized in bone in various subsets of the osseous histoarchitecture, while adjacent joint cartilage contains collagens II, IX and XI (Nerlich et al., 1991) . With respect to bone tissue, collagen I is the major type of collagen forming the main part of the organic osteoid. Collagen II is known to be the major collagenous component of hyaline cartilage. Collagen can be analysed and identified either by isolation and chemical characterization using biochemical methods, such as gel electrophoresis or liquid chromatography, or by immunological techniques using specific antibodies. The first set of methods provides quantitative results, however, no data are obtained for the topologic distribution of the collagens. The latter approach in combination with optical microscopy offers data about the specific site of a distinct protein. Up to now, immunohistochemistry represents the major tool for the detection and localization of different collagen types in thin sections of bone and cartilage tissue. This is used in routine diagnostic cases and was successfully applied to *Address for correspondence: W. M. Heckl, Institut fü r Mineralogie und angewandte Kristallographie, Ludwig-Maximilians-Universität, Theresienstr. 41, D-80333 Mü nchen, Germany. Tel.: 0049-89-2394 -4331, Fax: 0049-89-2394 historic tissue samples . The detection depends on the presence of the protein or protein fragments that contain distinct epitopes, which can be recognized by specific antibodies. Previously, we have shown that the relation of positive and negative detection in historic bone tissue samples may serve as an indicator for the stability of type-specific collagen proteins or defined peptide fragments derived thereof . In addition, the application of the antibody staining technique to palaeopathological lesions also resulted in the expected staining pattern which was not different from that seen in recent pathological cases Zink et al., 1997) .
Besides this polymorphism, however, the biomechanical properties of the collagens are determined by their molecular assembly which is strongly influenced by cross-linking. This molecular assembly varies between different isotopes, but is also different within the isotype from tissue to tissue, e.g. collagen I forms usually significantly thicker bundles than collagens II or III, but the thickness of the collagen I bundles is somewhat different between skin and bone. Besides the distribution of the various collagen isoforms, no data yet exist on the molecular assembly of collagen bundles and their distribution in historic bone tissue. Such an analysis may provide significant information on the stability of the respective bone tissue.
The recent development of atomic force microscopy (AFM) which was originally described by Binnig and co-workers (Binnig, Quate & Gerber, 1986) as an offspring of the scanning tunnelling microscope (Binnig & Rohrer, 1982) represents a new high resolution imaging technique which may provide significant information on the fibrillar assembly and ultrastructure of collagen fibrils. This technique uses the measurement of the surface topography of a sample by tracing the sample surface with a minute mechanical probe (sharp needle) attached to a softspring (cantilever). When the probe approaches the sample surface, tiny interaction forces, such as Van der Waals and electrostatic forces, occur between probe and sample. The resulting cantilever deflection is recorded by measuring the displacement of a laser beam reflected from back side of the cantilever (Meyer & Amer, 1988; Ushiki et al., 1996) (see Figure 1) . Physically, AFM detects the response of the cantilever to viscoelastical and surface topographic properties of the sample. Previous studies have shown that the application of AFM provides useful information in numerous biological applications. One main advantage of the AFM for biologists is the possibility to visualize directly non-conductive materials in a non-vacuous environment, such as air or liquids, without any staining. Several reviews have been published to demonstrate the capability of the AFM to visualize ultrastructures, e.g. in the extracellular matrix (Ushiki et al., 1996) or in living cells or cell compartments (Radmacher et al., 1992; Lal & John, 1994; Vesenka et al., 1995) or chromosome ultrastructure (Heckl, 1995; Thalhammer et al., 1997) .
The aim of our present study was therefore to test the possible application of the AFM to sections of historic bone tissue in comparison with recent material. This test should provide information on the suitability of AFM as a tool for the identification of collagen fibres in bone and cartilage tissue. This technique is superior to other ultrastructural methods, such as SEM or TEM, as it requires tissue sections without any additional preparation steps, like fixation or coating, thereby minimizing artefacts. In addition, this technique is very cost effective and fast.
Material and Methods

Material
The present study was performed on femoral bone tissue from a newborn male child which had been obtained at autopsy. The child had died from umbilical cord strangulation and did not provide evidence for retardation of the osseous development or defects of the extracellular matrix. After removal of the femur, a combined tissue block comprising the femoral head with the epiphyseal cartilage and the proximal half of the osseous femur were fixed in 4% buffered The sample is moved on the xyz translator under the cantilever with attached tip. Deflections corresponding to surface topography and elasticity are recorded to produce an image (from Heckl, 1995) .
formaldehyde as routinely performed. This material was then decalcified (0·1 M EDTA-Tris, pH 7·4) with repeated changes. Tissue embedding and sectioning of the resulting paraffin wax blocks was carried out as routinely performed. Sections, not more than 5 m thick, were placed on silanized glass to avoid loss.
This recent material was compared to a bone sample that had been obtained from an infantile individual from the excavation site of Altenerding, Bavaria,  600-800 (Sage, 1984) . The new-born individual had an approximate age of 0-1 year and sex was not determined. A tissue block from the right femur was removed and subsequently rehydrated as reported previously in detail . Decalcification was achieved by 0·1 M EDTA-solution, pH 7·4, which was followed by post-fixation with 4% buffered formaldehyde. The embedding and sectioning procedure was the same as for the recent material.
Immunohistochemistry
For the immunolocalization of major collagen types, monospecific antibodies against the collagen types I, II and III were used. The antibodies came from the following sources: Collagen I had been kindly supplied by Prof. P. Mü ller, Institut fü r Med. Molekularbiologie, Universität Lü beck; collagen II had been provided by Prof. K. von der Mark, Institut fü r Experimentelle Medizin, Universität Erlangen and collagen III antibodies came from Prof. E. Schleicher, Abt. Pathobiochemie, Universität Tü bingen.
The immunostaining procedures applied were identical to that previously described in detail . Briefly, the tissue sections were deparaffinized in xylol with subsequent decreasing concentrations of alcohol and finally rinsed in distilled water. Then, the sections were incubated with the specific primary antibody and after several washing steps the antigen-antibody-complex was visualized by addition of a secondary antibody (Avidin-biotintechnique; Hsu, Raine & Fanger, 1981 ; Vector, Burlingame, U.S.A.). Finally, the resulting antigenantibody complexes were localized using chromogenic substances (diaminobenzidine, DAKO, Hamburg, Germany). The resulting staining pattern was analysed by light microscopy.
AFM microscopy and analysis
The atomic force microscope, AFM, moves a very sharp tip attached to a soft cantilever, which acts as a spring, in a raster pattern over the surface. Deflections in the tip that correspond to surface topography are recorded. The AFM can be operated in air and liquids. In routine diagnosis, it is often desirable to minimize cantilever deflections in order to prevent the sample from large and potentially damaging forces. For this purpose, a feedback loop is used to adjust the sample height while imaging (Figure 1 ). This analysis was performed on an AFM (Topometrix Explorer) with 130 m xy-scan range and 10 m z-scanner. The AFM was mounted on top of an inverted microscope (Zeiss Axiovert 135) in order to select a region of interest on the tissue section. For observations of the specimen in ambient conditions soft cantilevers were utilized in constant force mode (sharpened microlevers, spring constant=0·02 N/m, tip radius <10 nm, ThermoMicroscopes, Sunnyvale, CA, U.S.A.). The forces which were applied during AFM measurements were 10-20 nN in ambient conditions.
For AFM microscopy the deparaffinized tissue sections were used. All height measurements were obtained by the analysis of multiple AFM images with the Topometrix line measurement software after baseline correction. About 10 measurements were performed in similar domains to confirm the data.
Results
In a first set of experiments we applied AFM for the identification of collagen fibrils in recent normal human bone and cartilage. This information is essential in order to compare collagen fibrils of two different collagen types, i.e. collagen I and II. The exclusive presence of collagen I in bone and that of collagen II in cartilage was verified by immunostaining. In a subsequent step, we analysed additionally an ancient bone tissue sample from an individual of comparable age (Altenerding,  600-800). This was undertaken in order to clarify whether the AFM analysis can be performed on the historic tissue material and to compare the fibrillar structures and diameters between recent and historic bone tissues. In detail we observed the following data:
Normal human femoral cartilage (recent material)
As expected from numerous previous analyses (see Nerlich et al., 1991) normal human femoral cartilage contained collagen II (Figure 2 ), but not collagens I or III (not shown). The AFM analysis revealed a fine meshwork of collagen fibrils in an interwoven pattern. The average fibril diameter was about 100 nm ( Figure  3(a),(b) ).
Normal human femoral bone (recent material)
The normal osseous matrix of femoral bone consisted exclusively of collagen I (Figure 4) , while at the endosteal surface a tiny layer of collagen III was seen. There was no staining for collagen II in bone tissue (not shown). In the AFM the organic bone matrix showed a network of bundles which were mostly arranged in parallel fibres of significantly larger diameter than seen in the cartilage (Figure 5(a),(b) ), 400 nm on the average.
Normal human femoral bone (archaeological material)
The preparation of a bone sample from the infantile individual from Altenerding ( 600-800) provided well preserved bone tissue with typical structures of lamellar mature bone. Immunohistochemically, this sample was positive for collagen I (Figure 6 ), but not for collagen II (not shown). Using the AFM microscope we detected in the historic bone sample also a parallely arranged network of thicker collagen fibre bundles with an average diameter of 400 nm, closely resembling that of the recent sample ( Figure  7(a),(b) ).
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Discussion
The analysis of biomolecules in ancient tissues represents a novel and increasingly important field for the investigation of living conditions and pathological processes in past populations (Waldron, 1996) . Previous studies provided circumstantial evidence that various biomolecules are stable enough to be successfully analysed. Exciting aspects arise from studies of ancient DNA where the technical improvement of DNA amplification by PCR-techniques enable a closer look into genetic linkage analysis of previous populations, but also unraveled infectious diseases by bacteria and protozoa Zink et al., in press ). It has previously been shown that besides DNA proteins can also survive in ancient tissues (Wick et al., 1980; Gü rtler et al., 1981; Child & Pollard, 1992; . This is particularly true for the major connective tissue proteins, the various collagen isotypes. However, in contrast to the DNA studies protein analysis is complicated by the lack of any possible amplification strategy so that often only minor amounts of intact protein may be available for analysis. Thus, the stability of those tissue constituents is essential for successful analysis.
Previous reports provided evidence that collagen molecules may be identified and characterized biochemically (Dennison, 1980; Gü rtler et al., 1981) , as well as by use of immunomorphological strategies (Wick et al., 1980; .
Collagen is made up by various different isotypes with an often typical pattern of tissue distribution. For example, also shown in this study, normal bone is made up almost exclusively by collagen I, while the major cartilage collagen is collagen II. Accordingly, the immunomorphological analysis offers information on the physiological status and even more on pathological processes in a given sample. E.g. the abnormal occurrence of collagen III within bone tissue suggests a pathological remodeling process of the affected bone that is still active at the time of death Zink et al., 1997) . These processes may be uncovered by immunohistochemical analysis. However, the tissue structure is not only determined by the choice of collagen isotypes, but also by the assembly of collagen fibres, resulting in the so-called quaternary fibre structure. This quarternary structure finally determines the biomechanical properties of the collagenous connective tissue and is therefore functionally essential (Krieg & Nerlich, 1987) . Thus, e.g. collagen I forms significantly thicker fibre bundles than collagen II or III and shows concordantly significantly different mechanical properties. Collagen I determines the high mechanical stability of bone, while the fine meshwork of collagen II provides much more elastic properties (together with the ability to bind to large amounts of proteoglycans). Similarly, collagen III forms thin fibre bundles also providing more elastic biomechanical function.
The quarternary structure of collagen fibres, i.e. the assembly of the individual fibrils to form thicker bundles, has previously been determined using ultrastructural analyses, mostly by transmission electron microscopy in various tissues of recent origin. Thereby, it has been shown that indeed the size and in particular the diameter of the collagen fibres varies not only between the different collagen isotypes, but also within one isotype between different tissue types, e.g. the collagen bundles of the dermal connective tissues are different from that of tendon or ligaments, although in both settings collagen I is the predominant type of collagen (Smith, Holbrook & Madri, 1986; Wess et al., 1998) . However, the preparation of usual ultrastructural specimen is difficult, laborious and those samples cannot be used for further analysis.
In the present report, we have applied a novel microscopic technique to the analysis of historic bone tissue. The atomic force microscopy (AFM) represents an offspring of the scanning tunnelling microscopy, but offers several significant advantages over that technique. Scanning electron microscopy has already previously been used in historic tissues, mostly as a tool for the analysis of paleopathological questions (Anderson, Wakely & Carter, 1992) . Thereby, the surface structure of bone samples could be investigated helping to discern pseudopathological from vital reactive bone formation. Similarly, collagen fibrils and their bundling pattern has been analysed (Race et al., 1968; Wyckoff & Doberenz, 1965) indicating that ''good'' collagen could be distinguished from ''poorly preserved'' collagen fibrils.
In our report, we provide clear data indicating that AFM can be applied to identify collagen bundles and to determine their diameter. This is important, since not only the different collagen isotypes have different fibre diameters-as shown here unambiguously for the collagen I and II fibres in recent tissue samples-but may also reveal differences with differing individual age and under pathological conditions, as discussed before. Thus, it is conceivable that the application of AFM may uncover pathognomonic changes in the collagen fibre bundle diameter and/or pattern, which may be used to identify distinct abnormalities of the connective tissue. As yet, however, there exists no study on this issue.
In addition, we provide circumstantial evidence that this technique is also applicable to historic bone material. This is derived from the observation that the collagen fibre bundle diameter of this bone material was essentially within the range of that of normal age-matched recent bone. Using this novel approach, we additionally compared the collagen fibre pattern of the historic bone sample with the immunohistochemical staining pattern of the same sample. The combination of these approaches thus combines the information obtained by two different techniques and thus offers new insight into the collagen structure, its composition and organization.
However, it is clearly evident that severe decomposition processes may interfere with the analysis. To this regard, the AFM analysis may offer also information on the stability of the collagenous framework in a given individual. In order to elucidate this issue, however, further studies such as force measurements of elastic properties are required.
In summary, in our study we present circumstantial evidence that AFM analysis as a novel morphological technique can successfully be applied to historic tissue specimens. This is based on our observation that the historic bone specimen showed a typical pattern of collagen fibrils with a mean diameter completely consistent with that seen in a comparable recent bone specimen. In subsequent studies, we plan to extend this observation on a larger series of samples in order to analyse both the influence of decomposition and decay of the bioorganic matrix and the possible influence of vital physiological and pathological processes on this novel technique.
